C lesions these networks were degraded in the zone of invasion in association with failure to contain infection. Cells expressing the glial markers GFAP and S100B showed a response to initial microbial invasion of dentin by increase in number and altered anatomical arrangement. The late stage of dentinal caries was marked by collapse of these networks in the region adjacent to advancing bacteria. This behaviour is important for understanding and explaining the defensive response of the neurosensory peripheral dental pulp apparatus to infection.
and Suda, 2006] . Odontoblasts, as functional units of this network, exhibit sensory activity and electrical excitability [Allard et al., 2006] . These sensory properties of odontoblasts are partly attributable to expression of various ion channel proteins [Okumura et al., 2005] , voltage-gated sodium channels [Allard et al., 2006] and potassium and chloride channels [Guo and Davidson, 1998 ]. Accumulating evidence highlights an under-emphasized sensory aspect of dental pulp that is obscured by the dentinogenic activity of odontoblasts.
In healthy teeth glial cells with the gene expression profile characteristics of radial glial cells of the central nervous system were detected as strongly reactive for glial fibrillary acidic protein (GFAP) and demonstrating a bipolar morphology extending from the odontoblasts to the underlying vasculature [Farahani et al., 2011] . Within the central nervous system radial glia function as precursors of both astrocytic glia and neurons [Sild and Ruthazer, 2011 ]. An analogous role in dental pulp would imply that dental pulp stem cells can differentiate into astrocyte-like glia, neuronal-like cells and odontoblasts [Gronthos et al., 2002; Petrovic and Stefanovic, 2009] . However, human dental pulp stem cells only differentiate into neural precursors but not into mature functional neurons [Aanismaa et al., 2012] .
Another major population detected were heavily branched cells strongly reactive for S100B and with a gene expression profile typical of mature astrocytes of the central nervous system [Dourou et al., 2006] . These cells formed intimate attachments to the underlying microvasculature that was characterised as possessing morphological characteristics, including extensive pericytic investment, multiple inter-endothelial tight junctions and endothelial gene expression profile, typical of bloodbrain barrier microvasculature [Farahani et al., 2011] .
In healthy teeth lining odontoblasts that secrete the organic matrix of dentin demonstrate intercellular junctional complexes and extend long processes strongly reactive for the intermediate filament proteins vimentin [Lombardi et al., 1992] and nestin [About et al., 2000] , considered a developmental marker, through tubular dentin to approach the enamel layer. In response to degradation of dentin matrix and subsequent polymicrobial invasion [Hahn and Liewehr, 2007; Veerayutthwilai et al., 2007] , odontoblast secretion patterns are markedly altered to produce a new dentin matrix termed reactionary dentin. The helical structure of the tubules in reactionary dentin matrix appears to impede bacterial invasion along patent dentinal tubules and is therefore considered protective [Charadram et al., 2013] . Of note, reactionary dentin is deposited in a gradient decreasing in depth according to distance from the zone of microbial invasion. This response is mediated by odontoblasts that paradoxically down-regulate inter-odontoblastic junctions but that show extensive gap junction formation with adjacent glial cells [Farahani et al., 2010] . Accordingly, it is proposed that glial networks control the gradient response of reactionary dentin formation.
The odontoblast-glial-microvascular complex demonstrated profound changes in response to microbial invasion of dentin in the extension of the carious process . A characteristic angiogenic response supported by markedly re-arranged glial networks resulted in the directional extension of anastomosing vascular loops towards the odontoblasts. There was evidence that by relieving hypoxic stress, the vascular response supported altered biochemical activity of odontoblasts required for synthesis of reactionary dentin Couve et al., 2013] .
In some affected teeth, microbial invasion of dentin is, apparently, associated with death of odontoblasts followed by replacement by odontoblast-like cells that were postulated to originate from uncharacterised pulp stem cells [Magloire et al., 1992; Kawashima, 2012] . These odontoblast-like cells then produce reparative dentin underlying the affected dentinal tubules [Hargreaves and Abbott, 2005; Lee et al., 2006] . Reparative dentin is atubular, amorphous and irregular [Magloire et al., 1992] .
The objective of the present investigation was to comprehensively map the distribution and density of glial networks formed in response to staged penetration of bacteria through dentin.
Materials and Methods

Processing of Specimens
In this study, healthy (n = 15) and carious permanent molar or premolar teeth (n = 37) from patients, age group 20-45 years old, extracted for relief of pain or for periodontal or orthodontic treatments, were collected. The Ethics Committee of the Sydney West Area Health Service approved the study. All patients received written information on the research and signed a consent form. The selected carious teeth did not have any restorations, with the original caries from occlusal lesions extending through enamel to more than two thirds of the depth of the dentin. The carious human teeth were divided into three groups depending on disease stage: in stage A teeth had advanced enamel cavitations, stage B lesions had moderate dentin involvement, while stage C lesions had advanced dentinal cavitations without pulp exposure ( fig. 1 a) . Carious lesion progression was confirmed through visual observation coupled with patient symptoms, pulp sensitivity tests and radiographic evidence. Teeth were processed as shown in 
Resin Embedding
Immediately after extraction, teeth were cleaned and scored vertically into dentin using a diamond disc (Thin-Flex, Abrasive Technology, Chicago, Ill., USA). To protect the sample from overheating, ample water was used for cooling the teeth. Teeth were then split using sterile hand instruments. To check the stage of the carious lesion and the distance from the dentin-enamel junction to the nearest pulp border, photographs of fixed split tooth halves were taken under a dissecting stereomicroscope (Leica MZ8, Germany). The tooth half containing the pulp was fixed in 2% paraformaldehyde/5% sucrose in 0.02 M phosphate buffer, pH 7.4 (680 mOsm) for 2 h at 4 ° C. Then the fixed sample was demineralized in Morse's solution, 22.5% formic acid plus 10% sodium citrate [Domon et al., 1999] for 3 days, dehydrated through gradual solvent exchange to 100% ethanol and embedded at 4 ° C in a glycol methacrylate using an embedding kit according to the manufacturer's protocol. Serial sections of 1 μm thickness were cut on a Reichert Ultracut microtome (Leica). Sections were floated on a water bath (37 ° C), collected by using coated glass slides (SuperFrost Plus, Menzel-Gläser, Braunschweig, Germany) and dried at room temperature.
Frozen Sections
The tooth half containing the pulp was fixed in 1% paraformaldehyde for 3 h, washed in PBS and EDTA (pH 7.0) for 5-6 days, changing EDTA every day, and equilibrated in 30% sucrose for 3-5 days at 4 ° C. Enamel and the majority of dentin was trimmed using a diamond disc (Thin-Flex). Ample water was used to cool the sample. The specimen was embedded in Tissue Freezing Medium (Triangle Biomedical Sciences, Durham, N.C., USA) for 5 min and frozen in liquid nitrogen. The samples were stored at -20 ° C. After checking the orientation of pulp components in sections stained with toluidine blue, 40-μm sections were prepared and stored at -80 ° C until required.
Immunohistochemistry
For resin-embedded (1 μm) and frozen (40 μm) sections, samples were placed in 0.5 M NH 4 Cl in 0.1 M PBS for 30 min and washed for 5 min in PBS (pH 7.3). The samples were blocked for 1 h in incubation buffer containing 0.1 M PBS, 1% BSA, 0.1% Tween-20 and 5% normal goat serum or 5% normal rabbit serum. Sections were incubated overnight at 4 ° C in each of the primary antibodies: polyclonal rabbit anti-GFAP (2.9 μg/ml, cat. No. Z0334, Dako); polyclonal rabbit anti-S100B (4 μg/ml, cat. No. Z0311, Dako); mouse monoclonal anti-vimentin (1: 1,000, cat. No. 08-0052, Zymed, San Francisco, Calif., USA); mouse monoclonal anti-collagen type IV (1 μg/ml, C1926, Sigma) diluted in the same incubation buffer. Sections were incubated with secondary antibodies, goat anti-mouse Alexa 594 (1: 500, Invitrogen) or goat antirabbit Alexa 488 (1: 500, Invitrogen) at room temperature for 1 h, washed with TBS for 35 min and mounted.
For 3-D reconstruction using frozen (40 μm) sections, 40-50 images of 0.8-μm step size were acquired as a Z-stack by confocal laser microscopy. 3-D images were reconstructed and viewed using confocal acquisition software (FV10-ASW 1.7) (online suppl. fig. 2 ; see www.karger.com/doi/10.1159/000360610 for all online suppl. material). Bacterial invasion through dentin was captured by fluorescence in situ hybridization (FISH) (online suppl. materials and methods and online suppl. table 1).
Analysis of Glial Cells Stained with Toluidine Blue
Resin sections stained with toluidine blue were used to evaluate the general architecture of the lesion. The number of glial cells was compared with odontoblasts and odontoblast-like cells based on morphological criteria. Odontoblasts were identified based on To evaluate the impact of carious insult, four zones were arbitrarily assigned from the site adjacent to maximum penetration of the lesion through dentin (Z1) to remote sites Z2-Z4. An example of zones is shown in a stage C carious lesion. Images from toluidine blue stain ( b ) and immunofluorescence ( c ) were used for quantitative analysis as shown. 
Analysis of Distribution Pattern and Density of GFAP, S100B, Vimentin and Collagen Type IV
The abundance of GFAP, S100B, vimentin and collagen type IV was analysed in the pulps of healthy and carious samples using confocal laser scanning microscopy. All confocal images were captured with an Olympus Fluoview (FV) 1000, equipped with Olympus FV 10-MCPSU (405, 473, 633 nm) and NTT Electronic Optiλ (559-nm) lasers [Ye et al., 2013] . Fields were selected at random (objective: Olympus 40X/1.30/0.20 [WD] Oil UPLFLN) and the views were brought into focus under bright-field conditions [Ye et al., 2013] . Ten random regions of interest in the odontoblastic layer ( fig. 1 c) were analysed extending from zone 1, the site adjacent to the maximum penetration of the carious lesion in dentin ( fig. 1 a, stage C). Fluorescence images were captured using confocal acquisition software (FV10-ASW 1.7), stored and exported as TIF files [Ye et al., 2013] and analysed using Image J software (version 1.410) (details of analysis in online suppl. methods and online suppl. fig. 1 ).
Statistical Analysis SPSS statistical software (SPSS v.16; Chicago, Ill., USA) was used for the statistical analysis of data. All data are presented as mean ± SD. Statistical significance was compared between GFAP, S100B, vimentin and collagen type IV in pulps of healthy and carious teeth (adjoining and removed from carious lesion). A p value <0.05 was regarded as statistically significant.
Results
All carious teeth studied showed a typical gradient response of reactionary dentin secreted by a preserved odontoblast layer. A reparative dentin response was not prominent in any of the teeth analysed for the present report where none of the study teeth showed evidence of microbial invasion of dental pulp. This was confirmed by FISH using a universal probe for bacteria (online suppl. fig. 3 ).
Comparison of Odontoblasts and Glial Cells
The peripheral aspect of human dental pulp demonstrates three distinct layers: an odontoblastic layer, a cellfree zone and a cell-rich vascular zone ( fig. 2 a) . Two different cell types were observed in the odontoblastic layer: odontoblasts with bright non-granular cytoplasm and large nuclei, and glia with granular cytoplasm ( fig. 2 b) . Within the odontoblast layer, there was evidence for increasing proportions of glial cells in the first stage (stage A) of development of carious lesions ( fig. 2 c) . This response was uniform, extending from the site adjacent to microbial penetration (zone 1) to remote sites (zone 4). There was a decrease in density of glial cells in advanced disease, particularly in zone 1 of stage C lesions ( fig. 2 c) .
Abundance of GFAP + Cells in Different Stages of Carious Lesion Progression
In healthy teeth GFAP + cells were scattered throughout the odontoblast layer ( fig. 3 a) . Increased abundance of GFAP + cells in pulp tissue in zone 1 of stage A lesions was evident ( fig. 3 f) . This presented as intense infiltration of the odontoblast layer ( fig. 3 b, f) but with extension through the cell-free zone to the underlying vascular zone ( fig. 3 b) . In stage A lesions infiltration of the odontoblast layer by GFAP + cells was also evident at sites extending from the focus of microbial invasion, that is zones 2-4, although with reduced intensity ( fig. 3 f) . In stage B lesions the response in zone 1 was concentrated in the odontoblast layer ( fig. 3 c) where there was progressive reduction in intensity with distance from the focus of microbial invasion ( fig. 3 f) . In advanced stage C lesions there was apparent collapse of GFAP + cell networks in the odontoblast layer in zone 1 ( fig. 3 d, f) , although these were preserved in zone 3 ( fig. 3 f) .
Star-Shaped Glia, Juxtaposed to Odontoblasts and with Gene Expression Profile Analogous to Astrocytes, Were Identified as Reactive Elements
Cell processes reactive for the glial marker S100B were present as a continuous network concentrated adjacent to the dentin margin and extending through the odontoblast layer ( fig. 4 a) . The intensity of these networks increased in zone 1 of stage A lesions ( fig. 4 b, f) . Also prominent was the vertical extension of S100B processes through the cell-free zone to the underlying cell-rich vascular zone ( fig. 4 b) . As for cells strongly reactive for GFAP + , S100B + -reactive networks extended through to zone 4 of stage A lesions. The pattern of response was essentially preserved in stage B lesions ( fig. 4 c, f) . In advanced stage C lesions there was dismantling of networks of S100B + cells in zone 1 ( fig. 4 d, f) while these networks were relatively preserved in the other zones, particularly in zone 4 ( fig. 4 e, f) . Figure 5 shows an advanced carious lesion in 3-D reconstruction images of dual staining with GFAP and S100B indicating two different glial cell types: glia strongly reactive for GFAP in green and glia reactive for S100B in red, while odontoblasts are shown in blue (colours refer to the online version only).
For comparison, the distribution of the intermediate filament protein vimentin was also studied. Vimentin was expressed by both odontoblasts and glial cells. It is apparent from the data in figure 6 that vimentin did not show expression responsiveness to the encroaching carious lesion.
Vascular Response
Vascular profiles in the cell-free zone were assessed by reactivity for type IV collagen. While vascular profiles were rarely detected within the cell-free zone of healthy teeth ( fig. 7 a) , there was a marked increase in the number of such vascular profiles extending through the cell-free Analysis of cell populations within the zones. a Haematoxylin and eosin (HE) staining of dental pulp showing an intact odontoblast layer: dentin (DT), pre-dentin (PD), odontoblasts (OD), cell-free zone (CF) and cell-rich zone (CR). Bar = 40 μm. b Two different cell types were observed in the odontoblast layer: odontoblasts with bright non-granular cytoplasm and large nuclei (red dots on cells, dark grey in the printed version) and glial cells with granular cytoplasm (white dots on cells). Bar = 10 μm. c For quantitative analysis ten random regions of interest in the odontoblast layer were selected, beginning from the site adjacent to the carious lesion (zone 1) and extending from this site to sites remote from caries (zone 4). Randomisation was achieved by de-focusing, incremental movement of the stage and re-focusing of the microscope. Data show comparison of proportions of glial cells (relative to total population comprising odontoblasts and glia in the odontoblast layer) in zones 1-4 at different stages of lesion progression. fig. 7 f) . There was, however, a marked reduction of vascularity in the cell-free zone in advanced stage C lesions ( fig. 7 f) . In stage A, the majority of the vascular profiles adjacent to the odontoblast layer were typical capillary loops ( fig. 8 b) . In contrast, in stage C lesions the profiles were highly variable, including large sinusoidal vessels ( fig. 8 e, f) .
Discussion
Stage A lesions were characterized by cavitation of enamel overlying dentin. Two apparent sources of stimulation or signalling accompanying this structural failure are microbial products and perception of altered occlusal load. The response to either or both of these stimuli was a marked alteration of the density and configuration of glial networks. This was most intense adjacent to affected hard tissue but with lateral spread also evident.
Cells intensely reactive with anti-GFAP antibody, and previously termed seracytes by us, were characterized as phenotypically similar to radial glial cells of the central nervous system [Farahani et al., 2011] . Inter-odontoblastic seracytes are distinct in anatomical location and gene expression profile from postnatal stem cells isolated from the central region of dental pulp [Gronthos et al., 2000; Miura et al., 2003] , and are also distinct from dental pulp stromal cells derived from dental pulp mesenchymal stem cells [Marchionni et al., 2009; Pivoriuūnas et al., 2010] . Seracytes are GFAP + /nestin + multi-potent glial cells demonstrating bipolar morphology similar to radial glial cells of the central nervous system. These cells express OCT4 and SOX2 transcription factors. The HMGbox transcription factor SOX2 is a common marker for multi-potential neural stem cells and progenitor cells in the central nervous system, including the neural retina [Ellis et al., 2004] . OCT4 and SOX2 are also part of the core transcriptional regulatory network of human embryonic stem cells [Boyer et al., 2005] . In an analogous situation, Müller glia in retina possess a similar transcriptional profile [Ramachandran et al., 2010] , express GLUL [Roesch et al., 2008] and show similar anatomical features [Reichenbach et al., 1993 ] to seracytes. Considering both expression profile and anatomical proximity to odontoblasts, seracytes may play a role in modulating the reported plasticity of the odontoblastic layer [Hattyasy, 1961; Byers et al., 2003; Mitsiadis et al., 2011] possibly by neural differentiation [Anthony et al., 2004] that is compatible with the extensive networks formed in response to caries. Thus, while odontoblasts in mature teeth have been considered as terminally differentiated cells, they show remarkable adaptation to carious insult, particularly in the synthesis of reactionary dentin in a gradient of response extending from the zone of most extensive microbial penetration of dentin [Farahani et al., 2010; Charadram et al., 2012 Charadram et al., , 2013 . Evidence was obtained that GFAP + networks mediated this gradient response [Farahani et al., 2010] .
In the deeper cell-rich zone containing the microvasculature, a dense network of S100B + cells contacting capillaries was identified. The S100B + cells did not express type IV collagen and showed a ramified structure extending processes to contact odontoblasts. Lack of a basement membrane and an arborized morphology clearly distinguished these cells from Schwann cells. The term telacyte (Latin tela = web) was proposed by us for these cells. Telacytes were characterized as astrocyte-like glia by low-level expression of GFAP where the product was not detected immunohistochemically but showed high expression of S100B mRNA in accord with immunologically detected expression of this protein [Farahani et al., 2011] . These cells also expressed genes encoding vascular endothelial growth factor (VEGF) [Virtej et al., 2013] , nerve growth factor (NGF) and low-affinity nerve growth factor receptor (P 75 NTR) [Woodnutt et al., 2000] . Telacytes also expressed genes coding for enzymes involved in metabolic recycling of glutamate, namely glutamine synthetase (GLUL) [Bucher et al., 2013] and the glutamate transporter (GLT-1) [Lundgaard et al., 2013] . Odontoblast expression of ionotropic glutamate receptors (NMDARs) [Han et al., 2013] accords with signals mediated by telacyte glutamate. Telacytes express CaBP1 [Li et al., 2005] and Calb-1 [German et al., 1997] , encoding EF-hand calcium-binding proteins, calcium-binding protein-1 and calbindin-1. Telacytes also expressed AldhL1 (encoding aldehyde dehydrogenase 1 family, member L1), an astrocyte-specific marker [Cahoy et al., 2008] . These cells showed a remarkable transition from healthy to caries-affected teeth. The extensively branched morphology changed to that of essentially bipolar cells extending from the odontoblasts to the microvasculature.
In response to carious insult highly branched telacytes re-aligned as bipolar cells to provide a scaffold to support a directed angiogenesis characterized by vascular loops extending towards the odontoblast layer . The role of astrocytes in the maintenance of blood vascular barrier phenotype is well established [Abbott et al., 2006] . Astrocytes enhance physical properties of the blood barrier microcirculation by reinforcing endothelial tight junctions [Wolburg et al., 1994; Hamm et al., 2004] . Trans-endothelial trafficking of molecules is also regulated by astrocytes via control of the expression and polar localization of transporters [McAllister et al., 2001] . Following dentinal injury, the functional activity of odontoblasts is significantly altered [Charadram et al., 2012 ]. An important aspect of the adaptive response of odontoblasts to carious insult is the synthesis of reactionary dentin [Smith et al., 1995 [Smith et al., , 2001 . The synthesis of reactionary dentin demands up-regulation of metabolic activity of odontoblasts [Lee et al., 2006; Farahani et al., 2010] . Carious insult results, initially, in up-regulation of the message for HIF-1α, interpreted as indicating hypoxic stress in responding odontoblasts. A compensatory angiogenic response enhances metabolic capacity of odontoblasts as evidenced by down-regulation of HIF-1α in regions of active synthesis of reactionary dentin . Features of the angiogenic response including adaptive remodelling of all elements of the blood barrier assembly in parallel with microvascular changes resulted in maintenance of barrier phenotype during angiogenesis. Tight junctions and basement membrane of the remodelling microvasculature remain intact at all stages . Accordingly, vascular profiles are reliably outlined by immunohistological staining for basement membrane proteins. In the present study type IV collagen was strongly labelled, providing key information on vascular density and vessel profiles.
These observations are consistent with previous studies where an increased density, and a notable development of afferent peptidergic innervations, was recorded in early stages of pulp response [Byers and Sugaya, 1995; Rodd and Boissonade, 2002] . Further, numerous studies on dental pulp innervation have shown that sensory nerve fibres are dynamic elements which react to injury and inflammation by sprouting and altered cytochemical phenotype [Byers and Närhi, 1999] . Studies on various human tissues have shown that the physiological roles of S100B are pleiotropic and include neurotrophic and neuroprotective functions mediated by calcium-dependent regulation of phosphorylation, enzyme activation and proliferation [Donato, 2003] . On the other hand, high concentrations of S100B are associated with apoptosis in neuronal cell cultures [Selinfreund et al., 1991; Barger et al., 1992] .
One possible interpretation of the decline of GFAP + networks in peripheral pulp sites adjacent to advancing bacteria is that the cells have undergone maturation processes to become astrocytes or neurons [Barresi et al., 1999] . The synchronous loss of telacyte networks and appearance of sinusoidal-like expansion of the ascending vascular loops implies, however, a degenerative change with loss of function. In relation to a potential causative mechanism, previous analysis disclosed the significance of certain species of lactobacilli in the invasion into vital pulp tissue from dentin [Nadkarni et al., 2010] . Lactobacillus rhamnosus was found to predominate, and whole genome sequencing of isolates from infected pulps [Chen et al., 2013] confirmed key differences from reference probiotic strains. These included a modified exopolysaccharide cluster characteristic of clinical isolates and that related to encapsulation of lactobacilli located deep in dentin [Nadkarni et al., 2010] . Clinical isolates were found to encode L-lactate dehydrogenase and D-lactate dehydrogenase to convert pyruvate to lactate as no lactate racemase was detected (unpublished studies). Within the microenvironment of dentin these metabolic products could modulate neurosensory odontoblast activity. Thus, L-lactate is a preferred nutrient for orexin neurons [Parsons and Hirasawa, 2010 ] while D-lactate can act as a neurotoxin [Ling et al., 2012] .
In conclusion, investigation of the expression and distribution of the glial markers GFAP and S100B indicated a major extension of peripheral pulpal glial networks in response to degradation of matrices and polymicrobial invasion of dentin. It is noteworthy that the earliest detectable microbial penetration into dentin is associated with a widely distributed glial response. The research provides a basis for understanding adaptive capacity manifest by production of radically altered dental matrix to contain infection.
